Compositional heterogeneity in the form of continuous or discontinuous chemical and thermal gradients in lava and/or pyroclastic flows is very common. An understanding of the dynamics of magma withdrawal is essential to palinspastic reconstruction of intensive variable gradients in magma reservoirs. Important parameters governing the extent of subterranean magma mixing triggered by an eruption include the vertical structure of density and viscosity within the chamber, the discharge, the size and shape of the chamber, and whether eruption takes place along a sublinear fissure, a ring fracture, or a central vent. A numerical model has been set up to study isoviscous magma withdrawal from a central vent conduit as a function of the Reynolds number, the reservoir to conduit width ratio, reservoir aspect ratio (width/depth), and differing kinematic boundary conditions. Both open (magma recharge) and closed (caldera collapse) system behavior are considered. Finite difference solutions to the vorticity transport and Poisson equations enable determination of vorticity, stream function, and velocity fields as a function of time. The most petrologically significant output is the stream function (particle trajectories) and evacuation isochron diagrams. An evacuation isochron represents the locus of points within the chamber such that magma parcels along a given isochron arrive at the bottom of the volcanic conduit concurrently. Open systems evolve toward a time invariant state (fully developed flow). Spin-up times depend on chamber aspect ratio (B, 
INTRODUCTION
It is a widely held view that the products of many volcanic eruptions represent the rapid and partial evacuation of large subjacent magma reservoirs situated within the crust. In many cases, eruptive products exhibit continuous or discontinuous changes in geochemistry, mineralogy, crystallinity, temperature, and inferred volatile content during the course of a single eruption. These variations may be mapped by densely spaced sampling of well-exposed and continuous vertical sections. For large-volume (V > 102 km 3, dense rock equivalent (DRE)) silicic ash flow deposits, careful studies usually reveal a systematic increase in the concentration of mafic components, temperature, crystal content, and magma density and a corresponding decrease in H20, SiO2, and other components stratigraphically upward [Smith, 1960 [Smith, , 1979 Smith and Bailey, 1966; Lipman, 1967; Hildreth, 1979 Hildreth, , 1981 . Small-to intermediate-volume silicic ash flow deposits often show similar intradeposit patterns, sometimes with the additional feature of discontinuous changes in magma bulk composition (a compositional gap) at some specific stratigraphic height. Classic examples include the eruption of Mount Mazama (V • 40 km 3 DRE) [Williams, 1942; McBirney, 1968 ; Ritchey, However, before field and laboratory data can unambiguously be utilized in the reconstruction of preeruptive gradients within a chamber, one must understand and allow for complicated mixing effects that may occur during the eruptive process. Most simply, one may consider mixing to occur in either the subaerial or subterranean realm. Subaerial mixing of a pyroclastic flow could occur either within the vertical eruption column or later during lateral transport immediately preceding emplacement. Although subaerial mixing undoubtedly occurs during a pyroclastic eruption, it is important to note that the time interval a magma parcel spends in the subaerial realm before cessation of movement is usually very short (typically 102 s) compared with the duration of an eruptive episode (typically 104-10 s s). Consequently, despite the turbulent nature of column collapse and lateral transport, the extent of vertical mixing during the subaerial phase remains restricted. If this was not the case, vertical compositional zonation within ash flow deposits would be rare. The common occurrence of vertical compositional zonation indicates that the vertical scale of subaerial mixing is significantly less than the thickness of the deposit.
Subterranean mixing is defined here as the mixing that occurs due to the juxtaposition of magma parcels initially at different depths within the chamber. Mixing occurs in response to magma withdrawal and upwelling through a conduit of much narrower dimension than the larger subjacent reservoir. The most petrologically significant aspect of this process is that magma from many different depths will arrive concurrently at the entrance of the magma conduit (point E, Figure 1 ) and may therefore become mixed before reaching the vent (point V, Figure 1 ). The scale of mixing, that is, whether intimate blending of magma or formation of compositionally banded pumice occurs, depends mainly on the viscosity ratio of the two magmas. Even if no subaerial mixing occurs, the stratigraphy of a deposit will not represent the simple inverse zonation within the preeruptive chamber. In order to reconstruct the pattern of preeruptive zonation within a chamber, the magmadynamic withdrawal process should be explicitly accounted for.
It is the purpose of this note to qualitatively discuss the important parameters governing the relationship between an erupted magma parcel and its sites of origin within a reservoir and to develop a numerical algorithm applicable to the withdrawal of magma from a large reservoir through a central vent conduit. The numerical simulations reported on herein are based on solution of the conservation equations applicable to eruption of incompressible, constant viscosity magma from a large reservoir. The present study is a logical first step in understanding the fluid dynamics of magma withdrawal relevant to complex natural systems.
The method of solution utilized for the numerical simulations allows the calculation of the transient history of the evacuation process at arbitrary Reynolds number within the laminar regime. This is preferable to obtaining only the steady state solution for several reasons. First, the spin-up time for evacuation from a voluminous chamber may be a significant fraction of the duration of the entire eruption. Even for a fixed discharge eruption, the velocity field within the reservoir is time dependent, and so the mixing history will also vary temporally. Second, for the important case where caldera collapse occurs during an eruption, steady flow within the chamber can never really be achieved because of the motion of the sinking caldera roof. Finally, because of the wide range of discharges and transport properties characterizing volcanic eruptions, no single Reynolds number is necessarily applicable in all cases. Calculations have been carried out therefore for a range of Reynolds numbers between the creeping flow (Re-+ 0) and subinertial (Re ~ 10 a) regimes.
The most important petrological output of the numerical model is the generation of evacuation isochrons for a specific set of geometric, transport, and boundary conditions. These isochrons represent the locus of points in two-dimensional space such that magma parcels along a given isochron arrive at the entrance of the volcanic conduit concurrently. In terms of reconstructing intensive thermodynamic fields in a chamber by surface observation alone, the evacuation isochron diagram is clearly of great significance.
MAGMA WITHDRAWAL: QUALITATIVE ASPECTS
A large number of factors govern the relationship between an erupted magma sample and its site of origin within the chamber. For the purposes of discussion, these factors are grouped into the following categories: chamber-conduit geometry, magma transport properties, and dynamic regimes.
Geometric Factors
Important geometric factors include the size and shape of the magma reservoir, the relative dimensions of the reservoir and conduit system, and the style of eruption (e.g., ring fracture, fissure, or central vent eruption). In general, there are poor constraints on the sizes and shapes of magma chambers, although in certain specific instances, inferences have been drawn [e.g., Ryan et al., 1983] . Chambers from which voluminous ash flow sheets originate probably have crosssectional areas on the order of caldera collapse areas and may have relatively flat roofs [Smith, 1979; Spera and Crisp, 1981 ].
Smaller volume chambers from which less voluminous ash flows are erupted may have conical or pitched roofs [McBirney, 1980] . Based on observed sizes and shapes of large mesozonal to catazonal plutons, it has been suggested that during catastrophic ash flow eruptions, less than about 10% of the volume of the chamber is evacuated [Smith and Shaw, 1973, 1975] . Because of uncertainties regarding chamber shape, a simple flat-topped rectangular shape has been assumed here. Although the numerical model could easily incorporate other shapes, there is no compelling reason to do so at this time.
The conduit width and the conduit/reservoir width ratio will also influence the style of magma drawdown. For the simple case of inviscid slow motion in a two-layer stratified fluid of infinite lateral extent, Rouse [1956] found a dependence of the critical discharge on the diameter of the conduit as well as the thickness of the low-density fluid layer (see Figure 2) . In this case, because the effects of viscosity are ignored and the geometry is very simple, the minimum discharge O such that the lower layer will be tapped may be approximately determined. As given by Turner [1973] , the condition for lower layer tapping is Qerit •-6.4 h e
where g'--g(Px-Pe)/P• and h, 2B½, and Q represent the thickness of the upper layer, the pipe diameter, and the discharge, respectively. From (1) it is noted that there is a weak dependence of the critical discharge on the conduit width. For example, with 2B½ = 10 m, the minimum discharge to ensure tapping of the denser lower layer is 6 x 10 '• m3/s; with Be = 100 m, Q assumes the value 1.8 x l0 s m3/s. 
Transport Properties
Intuitively, one expects that both magma density and viscosity and their variation within the chamber (i.e., continuous variation or discrete layers) will play a role in the details of the withdrawal process. As noted from (1), in a density layered system, the greater the density contrast, the larger the imposed discharge must be to ensure tapping of the lower layer. In a compositionally zoned chamber, high-viscosity, low-density magma will commonly overlie less viscous but denser material. Although no detailed analysis has been carried out, it seems sensible that for a layered system with a given density contrast, as the magnitudes of the viscosities become more disparate, there would be greater tendency for tapping of the lower layer. This would especially be true in the case of a chamber of wide lateral extent. For the small chamber the supply of low-density roofward magma would more quickly become depleted. It might be expected therefore that smallvolume systems would tend to tap deeper melts more readily. As noted earlier, this seems consistent with volcanological ob- Fig. 3 . Two models consistent with magma effusion at discharge Q. In the magma recharge case, the floor of the chamber is permeable with respect to basic magma injection. In caldera-collapse case, the floor is impermeable; efflux is balanced by chamber roof collapse (caldera subsidence).
in Re, geometry, and particle trajectories relevant to magma evacuation. Kawaguti [1965] [Smith, 1979] .
Model Geometry
In Figure 4 the configuration of the reservoir-conduit system is shown. Calculations were carried out for a twodimensional rectangular coordinate system. As is evident from Figure 4 , the y axis is a line of symmetry (mirror plane), and consequently, calculations need be carried out only within one side of the spatial domain (in region ABCDEF). This affords considerable time and cost savings, as the computational domain is effectively cut in half.
There are two independently variable length ratios relevant to magma withdrawal from a finite volume reservoir. These include the conduit/reservoir width ratio (Bc/Br) and the reservoir width/depth ratio (BrIDe). In all the simulations reported here, the length of the volcanic conduit L½ was long enough to ensure fully developed vertical flow within the pipe; lengthening L½ beyond this limit had no effect on computed solutions. Conclusions drawn in this study are based on numerical experiments for which Be/B, varied from 1/5 to 1/40 and B,/D, varied from 1/2 to 2.
Differential Equations and Nondimensionalization
The Navier-Stokes equations applicable to unsteady flow of an incompressible Newtonian fluid of viscosity r/and density p 
is the only parameter of the problem.
In the remainder of this paper, bars are dropped from all symbols. Unless explicitly stated, all variables discussed are the nondimensional ones as defined in this section.
Boundary Conditions
Different sets of boundary conditions were used depending on whether the magma recharge (case 1) or caldera collapse (case 2) model was being studied (see Figure 3) . In addition, for the magma recharge case, two different velocity profiles were used along the bottom of the chamber (AB on Figure 4 3. In Figures 9b and 9c , evacuation isochron diagrams are compared for the magma recharge versus caldera collapse situation. All relevant geometric and dynamic parameters are identical except for obvious changes in boundary conditions. There are significant differences in the shapes and positions of isochrons for these two cases. Whereas isochrons for the recharge case become tangential at gradually increasing depths, in the caldera collapse case, isochrons continue to migrate laterally. The fact that the size of the quasistagnant region is much smaller in the caldera collapse case implies that zonation effects should be less extreme compared with the recharge case, other factors being identical. Comparison between the two methods shows that the con- Boundary vorticity values. Along boundaries AF, FE, and AB, w is set by the boundary conditions. Since AF is a plane of symmetry along which u vanishes identically, o• is equal to zero there. Along FE and AB, w is easily determined by using the definition of the vorticity and the velocity boundary condition. Along the no-slip boundaries (ED, DC, and CB), the vorticity is not defined a priori and must be determined as part of the solution. The vorticity is easily defined at a grid point embedded in a no-slip wall if it is noted that • is equal to a constant along a wall and O•/On = 0 normal to that wall. If • is expressed in a direction normal to a no-slip boundary by a Taylor 
•,• = for no-slip walls parallel to the y direction; a correspondingly symmetric relation can also be found for no-slip walls parallel to the x direction (e.g., DC). This formulation for w was first used by Thom [1933] . In the caldera collapse case, the vorticity along boundary DE is slightly different than (All) because of the nonzero vertical velocity due to roof collapse. By arguments analogous to those •vcn above, the vorticity along DC is found to be In order to ensure that computed results had significance, the number of mesh points was doubled and the entire calculation repeated. This is an expensive test procedure but nevertheless a necessary one in order to verify the code and check the overall stability and veracity of the computational algorithm. In cases when this test was performed, comparison of field values was good to within several percent, becoming slightly poorer for large Reyonds numbers.
For the caldera collapse case the numerical algorithm was modified slightly to take account of the downward moving roof. After each cycle through the complete computational procedure, the finite difference mesh was slightly readjusted in space so that nodal lines coincided with boundaries ED and DC. Values of field variables (q/, co, u, v) at the transformed set of nodal points (it, Jt) were determined using values at (i, j) and a bicubic spline interpolator and the untransformed set of fixed variables. Heuristically, the stability of the solution could be ensured by adopting a small time increment, so that roof subsidence was a very small fraction (1%) of the spatial in- 
Heuristically one notes that as Re becomes large, the righthand side of (B4) vanishes and so solutions to (B4) as Re • • cannot depend upon Re. Therefore t•s cannot depend upon Re in the inertial regime.
